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Available online 7 June 2016X-ray nano-diffraction and transmission electron microscopy were conducted along the thickness of a ~4 μm
thick CrN/AlN multilayer with continuously increasing AlN layer thicknesses from ~1 to 15 nm on ~7 nm thick
CrN template layers. The experiments reveal coherent growth, large columnar grains extending over several
(bi-)layers for thin AlN layer thicknesses below ~4 nm. Above ~4 nm, the nucleation of the thermodynamically
stable wurtzite structured AlN is favored, leading to coherency breakdown and reduction of the overall strains,
disrupting the columnar microstructure and limiting the maximum grain size in ﬁlm growth direction to the
layer thickness.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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MultilayerThin ﬁlms synthesized by physical or chemical vapor deposition
techniques often show a strong microstructural dependence of their
properties [1]. The electrical and thermal conductivity, for instance, de-
creaseswith decreasing grain size as the grain boundaries act as scatter-
ing centers for electrons and/or phonons [2]. The thermal expansion, on
the other hand, increases with decreasing grain size as the volume con-
tent of grain boundaries and therefore the amount of weakly bonded
atoms increases [3]. The hardness and yield stress attain maximum
values for a critical minimum grain size corresponding to the Hall-
Petch relation [1]. Consequently, optimizing ﬁlm properties requires a
detailed understanding of the mechanisms that inﬂuence the micro-
structure evolution during ﬁlm growth.
For monolithic ﬁlms (we use this term to separate them frommulti-
layers as monoliths can also contain several grains as thin ﬁlms in gen-
eral), structure zonemodels [4–7] describe the crystallite size and shape
evolution for prevailing ﬁlm deposition conditions. For multilayer ﬁlms
composed of nm-thin individual layers it is known that the limited
thickness may be used to epitaxially stabilize metastable phases and
to form coherent interfaces [8]. However, although having attracted
much scientiﬁc interest due to their outstandingmechanical [9] and tri-
bological properties [10], only little information is available on how the
ﬁlm deposition conditions – the (bi-)layer period and in particular the
interface type between consecutive layers (coherent, semi-coherent, in-
coherent) – inﬂuence the microstructure evolution.rtosik).
ier Ltd. This is an open access articleHere we use wide angle X-ray nano-diffraction to reconstruct the
crystallite size and shape along the ﬁlm thickness of a CrN/AlN
nanolayered ﬁlm, where the growth mode of the individual layers was
changed from coherent to incoherent in the course of the deposition
process. The results are cross-validated and complemented by indepen-
dent transmission electron microscopy (TEM) investigations. In the last
section of this article, implications of the interface-type-related micro-
structure formation on the ﬁlm properties are brieﬂy discussed.
A ~4 μm thick CrN/AlN multilayer was deposited in an AJA Orion 5
laboratory-scale unbalanced magnetron sputter system equipped with
a three-inch Al and a two-inch Cr target (both from Plansee Composite
Materials GmbH, 99.6 purity). Prior to the deposition, the substrates
were ultrasonically cleaned for 5 min in ethanol and acetone, respec-
tively, thermally cleaned at 500 °C for 20 min (within the deposition
chamber at a base pressure below0.1MPa) andAr-ion etched (gas pres-
sure=6 Pa) at the same temperature for 10min. During the deposition,
the substrate temperature was kept constant at 500 °C and the sub-
strates were rotated with 1 Hz. The deposition was performed in an
Ar/N2 gas mixture with a ﬂow rate ratio of 3/2 and a total pressure of
0.4 Pa. A bias voltage of−50 V was applied to the substrates to ensure
a dense ﬁlm morphology. The Al and Cr targets were dc-powered using
a target power density of 10 and 12W/cm2, respectively. The AlN layer
thicknesses were intentionally increased from ~1 to 15 nmwhile keep-
ing the CrN layer thicknesses constant at ~7 nm using a computer con-
trolled shutter system. The increase of the AlN layer thickness was
intended to result in a change of the growthmode from coherent to in-
coherent between CrN and AlN layers along the multilayer stack. In
preparation for the nano-diffraction experiment, a ~50 μm thick lamellaunder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 2. Intensity vs. 2Θ dependence of the integratedWAXD patterns (10° cake integration
around δ= 90°). In the case of coherent growth only B1 reﬂections are visible as AlN is
stabilized in its metastable B1 structure by local epitaxy to B1-CrN, while in the case of
incoherent growth, B1 and B4 reﬂections are detected as AlN crystallizes in its
thermodynamically stable B4 structure.
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and polishing.
The nano-diffraction experiment was conducted in the nano-focus
endstation of the ID13 beamline at the European Synchrotron Radiation
Facility in Grenoble (France). The experimental setup is schematically
shown in Fig. 1. The ﬁlm was characterized in transmission geometry
by position-resolved wide angle X-ray diffraction (WAXD) using a
monochromatic X-ray beam with an incident energy of ~14.9 keV,
nano-focused to ~80 nm in diameter with Kirkpatrick-Baez (KB) mirror
optics. The specimen was aligned so that the ﬁlm-substrate interface
was oriented parallel to the incoming beam andmoved stepwise in ver-
tical direction with a step width of 50 nm. A Charge-Coupled Device
area detector (Eiger 4 M), placed at a distance of ~10.6 cm behind the
specimen, recorded characteristic Debye-Scherrer diffraction patterns
from different ﬁlm depths with a counting time of ~0.6 s per frame.
More details on the experimental approach can be found in Refs. [11,
12].
The change of the interface type from coherent to incoherent along
the CrN/AlN multilayer thickness was determined from the wide angle
diffraction patterns. The contour plot presented in Fig. 2 shows the in-
tensity vs. 2Θ dependence of the integrated WAXD patterns as a func-
tion of ﬁlm thickness. For a total ﬁlm thickness below ~0.6 μm only
diffraction peaks from the face-centered cubic crystal structure are pres-
ent. This suggests coherent growth between B1-CrN and AlN stabilized
by CrN (template) layers in its metastable B1 structure. Based on our
cross-sectional TEM investigations (see further below), this condition
is persistent for AlN layer thicknesses below ~4 nm, which corresponds
to an integrated multilayer thickness up to ~0.6 μm. For AlN layers
thicker than ~4 nm, additional wurtzite-related reﬂections are detected
indicating a loss of coherency and growth of AlN in its thermodynami-
cally stable B4 crystal structure. The relative change in intensity of the
111 and 200 reﬂections along the ﬁlm thickness indicate a crystallo-
graphic texture cross-over from 200 to 111 preferred orientation.
The reason for the coherency break down was demonstrated by the
model from Chawla et al. [13] for cubic AlN in CrN/AlN and TiN/AlN bi-
layer systems. The authors calculated the elastic strain energy stored in
the system due to the coherent but lattice mismatched interface be-
tween (cubic, wurtzite) AlN and underlying CrN using the ﬁnite ele-
ment method and combined it with the chemical and surface energies
obtained fromﬁrst principles. They found, that cubic AlN is energetically
favored up to a critical thickness. The thicker the AlN layer, themore re-
laxed it is due to surface relaxations. Consequently, the contribution of
the strain energy to the total energy becomes less important and the
thermodynamically stable wurtzite AlN forms.Fig. 1. Schematic representation of the cross-sectional X-ray nano-diffraction experiment
carried out in transmission geometry using amonochromatic X-ray beam focuseddown to
submicron dimensions with KB-mirrors. More details can be found in Ref. [11].Fig. 3a presents the in-plane residual strain evolution along the
thickness of ourmodel ﬁlm,whichwas evaluated from the elliptical dis-
tortion of the cubic (200) Debye Scherrer rings according to Refs. [11,
14]. Following a similar argumentation as Chawla et al. [13], we propose
the following explanation for the residual strain data: The coherency
strains in the cubic phase(s) increase with increasing AlN layer thick-
nesses until the critical maximum AlN layer thickness tcrit – up to
which AlN is fully stabilized in the cubic crystal structure – is reached
(tcrit ~ 4 nm corresponding to the total ﬁlm thickness of about ~0.6 to
0.8 μm). While the relative stain increase is more pronounced for very
thin AlN layer thicknesses, the slope of the curve decreases for thicker
AlN layer thicknesses. With further increase of the AlN layer thick-
nesses, the strains decrease and level at a constant value. The decrease
suggests for strain relaxation events due to ongoing nucleation of the
thermodynamically stable wurtzite AlN, compare Figs. 2, 3a) and b).
The coherency breakdown leads to a characteristic microstructure
evolution in the coherent and incoherent ﬁlm regions as discussed in
the following. The crystallite size and shape evolution throughout the
multilayer ﬁlm thickness was estimated from the peak broadening
along the Debye-Scherrer diffraction rings as a function of the ﬁlm
thickness. The full width at half maximum (FWHM) of the diffraction
peaks is a measure for the peak broadening and depends on the crystal-
lite size, strains of second and third order aswell as instrumental broad-
ening. When attributing (in a ﬁrst approximation) the peak broadening
to theﬁnite crystallite size only, the coherently diffracting domain sizeD
can be estimated using the Scherrer formula [17,18]
D∼
Kλ
FWHM  cosθ ; ð1Þ
where K denotes the shape factor, λ the X-ray wavelength, and FWHM
the line broadening in radians. The coherently diffracting domain (crys-
tallite) shape was reconstructed by evaluating the FWHM as a function
of ψ, whereby the latter denotes the angle between the sample normal
and the diffraction vector. The correlation between ψ and the azimuthal
angle δ is given by cosψ= cosδcosθ. Consequently, the values Dψ=
Fig. 3. a) In-plane residual strain evolution |ε200| (absolute values) in the cubic phase(s)
along the CrN/AlN multilayer ﬁlm thickness where the interface type changes from
coherent to incoherent in the course of the PVD process (with the transition starting at
~0.6 μm total ﬁlm thickness). In b) and c), the coherently diffracting domain size and
shape evolution are shown, respectively.
15M. Bartosik et al. / Scripta Materialia 123 (2016) 13–160°≡D⊥ corresponds to the mean coherently diffracting domain size
(crystallite height) in ﬁlm growth direction and Dψ=90°≡D∥ to that in
ﬁlm in-plane direction.
The results presented in Fig. 3b) indicate a ﬁne-grained ﬁlm struc-
ture near the ﬁlm-substrate-interface, due to a high number of different
nuclei, when there is no epitaxial match between ﬁlm and substrate.
With increasing ﬁlm thickness, the initially globular grains (D⊥~D∥) be-
come elongated in ﬁlm growth direction (D⊥ND∥), gain in size andextend over several CrN and AlN layers (D⊥Nbilayer thickness). A
more detailed evaluation of D as a function of ψ, given in Fig. 3c), sug-
gests that cone-like columnar grains (cyan square symbols) developed
on top of an equi-axed ﬁne-grained (violet square symbols) ﬁlm region
in the course of the ﬁlm growth. Consequently, the multilayer ﬁlm re-
gion with coherently growing AlN layers exhibit a typical “zone T” mi-
crostructure according to the zone classiﬁcation proposed by Thornton
[5]. The latter is characterized by a competitive growth where energet-
ically or kinetically favored grains gradually overgrow less favored
grains. A similar microstructure was observed for monolithically
grown CrN grown under the same deposition conditions (not shown).
Hence, we can conclude that the insertion of thin AlN layers, which nu-
cleate coherently on the CrN, do not signiﬁcantly modify the ﬁlm
microstructure.
In Fig. 3b), along with the coherent-to-incoherent interface type
transition (at a total ﬁlm thickness of ~0.6 μm), a steep decrease of the
B1-CrN (plus B1-AlN) coherently diffracting domain size in ﬁlm growth
direction (black open square symbols), leveling out at a constant D
value of ~11 nm can be observed. This should be compared to the CrN
layer thickness of ~7 nm (plus the ~4 nm thick coherently grown B1-
AlN), whichwas kept constant throughout the entire CrN/AlNmultilay-
er. The B1-CrN crystallites become even broader in in-plane direction
than in ﬁlm growth direction in the incoherently grown multilayer
ﬁlm region (compare full green square with open black square symbols
at t N 0.6 μm in Fig. 3b), and see the full gray square symbols in Fig. 3c)).
Thus, there is a transition of the average crystallite aspect ratio fromD⊥/
D∥N1 to b1. In the case of B4-AlN, the grains initially do not exist or the
grain size in ﬁlm growth direction (open black hexagon symbols in Fig.
3b)) are below the detection limit for X-ray diffraction.With increasing
AlN layer thicknesses, the grains gain in size and become ever larger.
Similarly, the in-plane grain size (full blue hexagon symbols in Fig.
3b)) gradually increases.
Theﬁndings from the nano-diffraction experiment are cross-validat-
ed and complemented by cross-sectional TEM investigations performed
on the Linköping double corrected and monochromated Titan3. An
overview high angle annular dark ﬁeld scanning transmission electron
microscopy (HAADF-STEM) image of the entire multilayer stack is pre-
sented in Fig. 4a) using an imaging condition to strongly promote dif-
fraction contrast. Areas used for imaging in b–e are schematically
identiﬁed in a). From the overview image in a), one can clearly identify
the layered structure throughout the ﬁlm thickness, where the CrN
layers are bright in this imaging condition. Additionally, at the bottom
of the image, one may observe bright columns extending in the growth
direction slightly above the substrate–ﬁlm interface. These bright col-
umns are identiﬁed as coherently grownmaterialwith common diffrac-
tion behavior and extend 0.6–0.8 μm above the interface. Since these
columns gradually increase their width during growth, they are suppos-
edly the result of competitive growth. The coherent growth is rather
quickly cancelled upon reaching the maximum height. In the proceed-
ing growth, the ﬁlm does not show any such coherent growth behavior,
which is seen by the homogeneous contrast. Investigating themultilay-
er structure further at higher magniﬁcations by TEM, (b–e) and starting
with the thin (and brighter) AlN layers in e), one immediately observes
coherent growth. In themiddle of Fig. 4e) a column is observed to grow
through the image. It isworth noting that the lattice is of a cubic appear-
ance and is perfectly continued from CrN to AlN during growth. At this
stage of growth, the column is only ~10 nm wide, therefore additional
columns of other orientations are observed adjacent to the central
one. In Fig. 4d), the growing column is at its maximum width and the
CrN to AlN transition remains coherent and perfectly seamless. As the
AlN layer thickness increases to ~6 nm, coherency breaks down, and
the result is shown in Fig. 4c). The initial observation is, that the struc-
ture now has the appearance of individual grains, with grain size ap-
proximately corresponding to the layer thickness. Additionally, one
can observe that the AlN layer starts to assume a wurtzite appearance
(zig-zag pattern, middle-right). Locally however, the structure appears
Fig. 4. HAADF-STEM image of the entire CrN/AlN multilayer stack a), where locations for
ﬁgures (b–e) are schematically identiﬁed. The transition from coherent to incoherent
growth is shown from the (coherently grown) bottom of the stack in e) to the
incoherently grown polycrystalline structure in b).
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CrN particles exhibit the same lattice orientation. The end result is
shown in Fig. 4b) where AlN and CrN particles exhibit the same size
as the layer thickness and all particles are individually rotated. A ﬁnal
observation can be made regarding the layer quality. The originally
ﬂat layers as observed in Fig. 4e) increasingly accumulate roughness.
While the layers are always well deﬁned, even for the topmost layers,
the local curvature of the layer may be on the same order as the layer
thickness. These undulations (which we also observed in our previous
studies on the samemultilayermaterial system [16])may (at least part-
ly) deﬁne the in-plane grain size.
The interface-type-relatedmicrostructure evolutionwill strongly in-
ﬂuence the ﬁlm properties. The thermal conductivity, for instance, is
strongly grain size dependent [19,20] and can be modiﬁed over several
orders of magnitude by controlling the layer thickness and interface
type. In addition to the average thermal conductivity, its direction de-
pendence may change from isotropic, for an equi-axed microstructure
(and intrinsically isotropic materials), to highly anisotropic when the
ﬁlm forms a columnar microstructure. For the latter, the thermal con-
ductivity is expected to be higher in the ﬁlm growth direction as com-
pared to the in-plane direction when assuming that the grainboundaries represent a limiting factor for thermal conductivity in thin
ﬁlms. The ﬁlm microstructure may also play a crucial role for diffusion
processes occurring in various applications (e.g., diffusion of oxygen
from the atmosphere into the ﬁlm [21], out-diffusion of nitrogen origi-
nating from thermally activated dissociation processes of nitride based
ﬁlms affecting their thermal stability [22], etc.). The deformation and
fracture mechanisms of thin ﬁlms under mechanical load(s) are also in-
ﬂuenced by the microstructure [23], to name just a few examples.
Based on our detailed investigations we can conclude that nanome-
ter thick phases are stabilized in their metastable crystal structure by
local coherency to template layers. As soon as the thermodynamically
stable wurtzite AlN nucleates (for AlN layer thicknesses above ~ 4
nm), the overall strains decrease and level at a constant value. This, in
turn, signiﬁcantly inﬂuences the microstructure evolution: While in
the coherently grown ﬁlm regions large columnar grains are observed,
which extend over several layers (similar to monolithic ﬁlms grown
under the same deposition conditions), the grain size in ﬁlm growth di-
rection of incoherently grown ﬁlm regions is limited by the layer thick-
nesses. The in-plane grain size of the latter is (at least partly) deﬁned by
undulations of the layer structure. The interface-type-related micro-
structure evolution determines the properties and thus the perfor-
mance of thin ﬁlms. Consequently, interface design is crucial in
optimizing thin ﬁlms for various applications.Acknowledgements
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